This paper presents a new global reaction model to simulate the Homogeneous Charge Compression Ignition (HCCI) combustion process. The model utilizes seven equations and seven active species. The model includes five reactions that represent degenerate chain branching in the low temperature region, including chain propagation, termination and branching reactions and the reaction of HOOH at the second stage ignition. Two reactions govern the high temperature oxidation, to allow formation and prediction of CO, CO 2 , and H 2 O. Thermodynamic parameters were introduced through the enthalpy of formation of each species. We were able to select the rate parameters of the global model to correctly predict the autoignition delay time at constant density for n-heptane and iso-octane, including the effect of equivalence ratio. Keeping the same reactions and rate parameters, simulations were compared with measured and calculated data from our engine operating at the following conditions: speed -750 RPM, inlet temperature -393 K to 453 K, fuel -PRF 20, equivalence ratio -0.4 and 0.5, and volumetric efficiency -71% and 89%. The simulations are in good agreement with the experimental data for this initial set of runs using PRF 20, including temperature, pressure, ignition delay, combustion duration, and heat release.
INTRODUCTION
The Homogeneous Charge Compression Ignition (HCCI) engine concept is an existing technology that has the potential to overcome the fundamental NOx and particulate emission limitations of diesel engines, yet produce diesel-like efficiency by operating unthrottled with high compression ratios and either lean mixtures or high Exhaust Gas Recirculation (EGR) [1] [2] [3] [4] [5] . Unfortunately, HCCI has several problems that have limited its commercialization. Specifically, it is very difficulty to control the initiation and rate of combustion over the required speed and load range of HCCI engines [6] . This is particularly true at higher loads where very rapid pressure rise and knock are limiting. HCCI engines also operate at lower combustion temperatures, so more unburned hydrocarbons (UHC) and CO emissions are generated than in traditional engines.
In HCCI engines, fuel oxidation chemistry determines the auto-ignition timing, the heat release, the reaction intermediates, and the ultimate products of combustion. In order to study and understand the relevant processes, chemical kinetic models must be developed, which are valid for the conditions of HCCI engine operation, i.e., covering low to high temperatures, fuel lean and dilute mixtures, and autoignition and hot combustion processes. Therefore a model that correctly simulates fuel oxidation at these conditions would be a useful design tool.
There are five categories of chemical kinetic models: detailed, lumped, reduced, skeletal and global, and these have the general characteristics shown in Table 1 [7] . Detailed models try to include all of the important elementary reactions and individual species using the best available rate parameters and thermochemical data. However, there are uncertainties in the selection of reactions and rate parameters, and detailed models are often developed for a single hydrocarbon and only validated over a rather limited range of conditions. Detailed models of hydrocarbon fuel oxidation, consisting of hundreds of chemical species and thousands of reactions, when possible to couple with engine CFD models, require tremendous computational resources. Several modeling studies simulating HCCI conditions using detailed chemical mechanisms have been reported. Some used a single-zone model [8, 9] and others used multi-zone CFD [10, 11] . Even for relatively simple multi-zone models, use of detailed mechanisms is computationally expensive and impractical, so that the most effective way to lessen the burden is to develop smaller models [12, 13] . The other four model types are all driven by the desire to minimize the model size. The lumped model [14, 15] uses a simplified description of the primary propagation reactions and primary intermediates for large species and then treats the reactions of smaller species with a detailed elementary kinetic scheme, so that the model involves fewer intermediate species than a full detailed model.
The detailed models can be culled to produce a second type of model, a reduced model, which contains only the most critical elements of the full mechanism. A number of different methods have been developed to systematically reduce detailed reaction mechanisms [16] [17] [18] [19] [20] . Recently, Patel et al. [2] modeled the ignition delay data of n-heptane and analyzed a baseline mechanism (40 species and 165 reactions) to identify important reactions.
They formulated a reduced mechanism consisting of 29 species and 52 reactions, which satisfactorily predicted the experimental data. However, this may still be too large for detailed CFD calculations.
A fourth type of model is the skeletal model that consists of a sequence of composite kinetic steps representing the reaction progress, originally called a reduced model by the Shell-Thornton research group [21] . These kinetic steps can be elementary, generic, or global reactions. Rate parameters and thermochemistry are based on the best information but represent "classes" of reactions. This form of model has been used effectively to incorporate low and intermediate temperature chemistry [22, 23] . We have used such skeletal models for pre-ignition behavior, ignition time, and combustion rate in HCCI engines [24, 25] . These results have shown that skeletal models (69 reactions and 45 species in these cases) can be a useful tool to study HCCI engine operation. Nonetheless, if the kinetic model is to be combined with a CFD code, even simpler models are desirable to maintain acceptable computation times.
Global models describe the chemistry in terms of a few of the principal reactants and products in one or more overall functional relations. The concept of a model that has a minimal number of variables is extremely attractive, e.g. in CFD calculations, but it is essential that the underlying kinetic and thermal properties of the combustion system be encapsulated in the structure, if the model is to have the potential for practical application. In general, global models have successfully described high temperature chemistry [26] . However, there also have been a few efforts to include the low, intermediate and high temperature phenomena in such models as well. A 4-reaction model [27] and a 5-reaction model [28] were developed in which two reactions represent the high temperature chemistry and the others try to represent the low and intermediate temperature chemistry. In reference [27] the prediction of ignition throughout the entire temperature range rests exclusively on thermal feedback. Neither of these global models can reflect the behavior in the Negative Temperature Coefficient (NTC) regime, since NTC behavior inherently involves intermediate species (for example, HOOH) that provide branching at 900-1100 K based on the species concentrations. Hence these two global models were only used to predict ignition delays, and they are not suitable for prediction of the full HCCI behavior that occurs with PRF fuels. In ref. [13] an optimized 5-step model was proposed for HCCI applications; however, further development is required.
The purpose of this paper is to report on our efforts: (1) to develop a global model which can represent the chemistries of low, intermediate, and high temperature phenomena; (2) to use the enthalpy of formation for all participating species to obtain the reaction enthalpy for each reaction, and thereby allow calculation of energy release and temperature and pressure over the entire combustion process for different fuels (not just ignition delay); (3) to maintain the ability to predict ignition delay differences between fuels and for different equivalence ratios; and (4) to explore the ability of this global model to predict HCCI engine behavior.
We first take the opportunity to develop the global model based on ref. [28] using insight gained from our recent studies, and then explore the ability of the new global model to reproduce the experimentally observed ignition delay, ignition temperature, combustion duration and heat release profile.
GLOBAL MODEL DEVELOPMENT
We formulated our simple global mechanism using the same methods employed for deriving skeletal models [21, 22] and based on our understanding of preignition oxidation. Autoignition depends on branching reactions which switch dominance as a function of temperature and concentration. The main branching reactions are divided into three categories:
(1) degenerate branching, In a typical autoignition event, as soon as the initial preignition reactions are triggered, which requires a minimum temperature, the reaction of fuel (RH) commences producing alkyl radical and the reactions propagate from this radical usually accelerating with increasing temperature (see Figure 1) . However, the • becomes more important with increasing temperature, and also RO 2 • will tend to form the more stable C=C and HO 2 • species, resulting in a retardation of branching and a slowing of the reactivity. This is the primary mechanism causing NTC behavior; the associated branching is called degenerate branching; and the initial reactions are only seen as a first-stage ignition process. When the temperature increases sufficiently, chemical reaction will again accelerate and hot ignition (the second-stage ignition) occurs. If the rate of degenerate branching (the first-stage ignition) is high enough at these lower temperatures, HOOH branching to autoignition (H• + O 2 branching takes over) will occur and the combined processes are manifested as a single stage ignition. If the degenerate branching rate is not high enough, the chemical system will remain in the NTC region and only the first-stage ignition will occur, without a subsequent hot ignition.
The reaction, HOOH + M => 2OH• + M, controls the second-stage ignition characteristics of large hydrocarbons. This is a critical reaction for the turnover from the low temperature region into the high temperature region. However, since the rate of HOOH branching is strongly dependent on temperature and HOOH concentration, the autoignition temperature will change with HOOH concentration, which is determined by the extent of pre-ignition reactions. At about 1100 K, branching through H• + O 2 => OH• + O• takes over. Since this reaction is highly temperature dependent, ignition is almost instantaneous with the system switching into the high temperature regime.
Based on these principles, a low temperature submechanism was combined with a high temperature submechanism to yield the proposed global kinetic model shown in Table 2 . A detailed description of this 7-reaction global model is provided below.
The high temperature chemistry is embodied in steps (1) and (2), which is sometimes referred to as the two-step mechanism [26] .
Since the two-step mechanism models high temperature chemistry well, it includes features such as H• + O 2 that are essential to high temperature chemistry. Our reactions differ from ref. [28] in that CO is explicitly included. This modification of the high temperature oxidation to include CO may enable the prediction of UHC and CO emissions using this global model. By adjusting the rate parameter of step (1), the model can reflect the
For the low and intermediate temperature region, we considered the structure of the low temperature kinetic mechanism which is based on degenerate chain branching as shown in Figure 1 . In this mechanism R + O 2 • RO 2 • and QOOH• + O 2 QOOHOO• are important and favored reactions in the low temperature region. As noted, the reverse of these reactions are favored as the temperature increases, and there is also a tendency for RO 2 *• to form the more stable HO 2 and R'=R", which leads to NTC behavior. When the temperature is high enough, R • will decompose through β-scission. In this scheme the QOOHOO• branching reaction is associated with the first-stage ignition. Obviously, the global model should include degenerate chain branching in the low temperature region, which involves both the chain propagation reactions as well as the reactions retarding the propagation and branching of radicals. As in ref. [28] we chose the reaction, F + 2O 2 I 1 (step 3) to control low temperature and NTC behavior. The oxygenated radicals produced are represented as species I 1 . The reactions, I 1 => 2Y and (step 4) Y + 0.5F + 6.5O 2 => 8H 2 O + 7CO (step 5) govern the first-stage ignition, where Y represents a chain-propagating species, OH• in this case, while the reverse reaction in step (3) controls the magnitude of degenerate branching.
The low and intermediate temperature reaction mechanism is embodied in steps (3) through (7). In the present form, the intermediate species are represented by I 1 and I 2 , which is a departure from ref. [28] where only a single intermediate species was used. While the branching reaction (step 4) is in competition with the reverse of step (3), similar to ref. [28] , we have accounted for the effects of β-scission and chain propagation reactions of intermediate species (R•, RO 2 •, QOOH•, OOQOOH•, etc.) through the reaction, I 1 => I 2 (step 6) which decreases degenerate branching.
Step (6) also prepares branching agent, I 2 , which is basically HOOH. In the global model, the branching reaction of HOOH controls the second-stage ignition characteristics of large hydrocarbons and it is a critical reaction for the turnover from the low temperature region into the high temperature region at the second stage ignition. The HOOH branching is reflected by the reaction, I 2 => 2Y (step 7) In order to obtain the enthalpy of each reaction (i.e., steps (1) to (7)), the best approach is to use the enthalpy of formation for the individual species. By keeping the enthalpy of reaction in steps (3) and (4) the same as ref. [28] and fixing the reaction enthalpy of step (6) at 20 kcal/mol, we can obtain the enthalpy of formation for every species in a PRF/air system, as shown in Table 3 . Thus, the reaction enthalpy of every reaction can be calculated even for different PRFs. Also, it is noted that the stoichiometric coefficients in the individual steps in Table 1 were selected to maintain atom conservation.
Following refs [26] and [28] , the reaction rate expressions are given by 
where P is pressure and C 3 + is a fuel specific coefficient that reflects the differences in branching rates. Based on our past work [24, 25] , only one fuel specific parameter needs to be adjusted in simplified models for PRFs. However, this assumption still needs to be validated. Table 2 were developed from comparison with shock tube data and associated detailed modeling work [29] [30] [31] .
Specifically, we selected rate parameters to provide a best fit to the experimental data under constant density conditions, and then we used the same parameters in our engine simulations without further adjustments except for step (3) that reflects the fuel specific branching rate.
As fuels with different octane number demonstrate different pre-ignition behavior, the effect is parameterized with the octane number of fuel: C 3 + = (110-PRF)/10. This equation assumes linear behavior. This parameterization should allow extension of the model to the full range of PRF mixtures, although this is yet to be tested. The effect of pressure on reaction rate (step 3) comes from ref. [28] .
EXPERIMENTAL APPARATUS AND PROCEDURES
The shock tube data used in this study covered 640 K<T<1200 K, 3.2 bar<P<42 bar, and 0.5<φ<3.0 [29, 30] . The engine data were collected from a single cylinder, four stroke, air cooled research engine at Drexel University [32, 33] . The engine has a 76.2 mm bore, a 82.6 mm stroke and a 8.17 compression ratio. The inlet valve opens at 356 CAD and closes at 595 CAD. The exhaust valve opens at 133 CAD and closes at 364 CAD.
An important characteristic of the engine facility is the ability to control the manifold temperature and pressure independently. In this study, the inlet air temperature was varied between 393-453 K and the inlet manifold pressure was set at 760 Torr. The PRF 20 test fuel was injected into the air stream of the heated inlet manifold well upstream of the intake valve to assure complete vaporization and mixing, and the equivalence ratio was kept at either 0.4 or 0.5. The fuel delivery system was capable of maintaining the equivalence ratio within 5% of the desired set point. The engine was operated at a constant engine speed of 750 rpm and inlet air flow rates of 65 or 80 l/min (volumetric efficiencies of 71% or 89%). Cylinder pressure data were collected via a wall mounted piezoelectric pressure transducer, and these data were transferred to a computer system for further analysis. At each experimental condition, a representative cylinder pressure trace was input to a thermodynamic model for calculation of temperature and heat release profiles.
The Heat Release Model [HRM] for our engine was based on the work of Ferguson et al. [34] . This model was adapted to calculate heat release from measured pressure data, based on a one-zone analysis in which boundary layer effects are considered.
DISCUSSION OF MODELING AND EXPERIMENTAL RESULTS
The global model predictions were compared with experimental data. The chemical kinetics and engine simulation codes were developed in-house and the differential equations were solved using the GEAR method. As noted we first deduced the rate parameters using n-heptane experimental and modeling data from a shock-tube [29, 31] . In our simulation, the reaction zone behind the reflected shock was considered to be a constant density region and ignition time was defined as the time interval until the maximum temperature was achieved. Then, ignition delay times for n-heptane at a different φ and for iso-octane in a shock tube were satisfactorily simulated, with an adjustment only in the forward pre-exponential coefficient of step (3) for isooctane. Species evolution and mechanistic explanations also were developed. In subsequent comparisons with the engine experimental data, no changes were made in the reaction mechanism, rate parameters, or thermochemistry except for the forward pre-exponential 
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Detailed mechanism Experiment Global model Figure 2 . Ignition delay time as a function of temperature for n-heptane/air at the constant density conditions after the reflected shock coefficient of step (3), which was obtained by linear interpolation using the octane number of the PRF blend.
SIMULATION AND COMPARISON WITH THE SHOCK-TUBE EXPERIMENTAL DATA
1. Ignition delay with n-heptane at φ = 1.0 Figure 2 compares experimental data of ignition delay in shock tubes from references [29, 30] , detailed modeling using a mechanism of 2450 reactions and 550 species [31] , and calculations using our global model with the rate parameters in Table 2 . The initial pressure was selected as the pressure used in the detailed modeling work [31] . The global model predictions, the experimental data, and the detailed model predictions all are in excellent agreement. This indicates that the method used to construct the global model is basically sound. The evolution of the calculated temperature and At an initial temperature of 660 K autoignition occurs based on reaction (step 3 + ) in conjunction with reactions (step 4 and step 5). Under these low temperature conditions, the reverse reaction (step 3 -) is slow and does not have a significant effect so that the concentration of I 1 gradually increases with time. I 2 and Y accumulate through the propagation reaction (step 6) and branching reaction (step 4), respectively. When self heating raises the temperature to the level where the reactions (step 4 and 5) become fast, degenerate branching begins. Accumulation of Y is high enough that the extent of this branching can overcome the tendency to exhibit NTC behavior and leads to HOOH branching (step 7). Heat release from these branching reactions quickly increase temperature to over 1100 K, resulting in O 2 + H• branching contained (step 1). The rapid heat release of these branching reactions begins at low temperature, but quickly pushes through the NTC region to produce a single-stage ignition.
At an initial temperature of 770 K, autoignition follows a different path. The branching reaction (step 6) works in conjunction with the key heat release reaction (step 5). Firstly I 1 and Y increase and the first-stage autoignition begins. However, the extent of the firststage reaction does not produce a cascade strong enough to completely traverse the NTC region; and instead the reverse reaction (step 3 -) plays a role, reactions slow down, and the system manifests NTC behavior. I 2 formation is slow while the system is in the NTC region. Eventually enough I 2 accumulates and when the temperature is high enough, approx. 900 K -1100 K, second-stage ignition occurs. The secondstage autoignition temperature will increase inversely with I 2 concentration. Generally, the I 2 reaction rate is high enough to increase the temperature to over 1100 K leading to high temperature reaction and ignition. For the 1000 K case, autoignition occurs based primarily on the step 1. Reactions (step 3 + ) and (step 3 -) are in equilibrium throughout the entire induction period. I 1 , I 2 , and Y are much smaller than in the two previous cases. However, oxidation of Y causes the temperature to rise, thus paving the way for additional high temperature reactions and ignition to occur via step (1).
2. Ignition delay with n-heptane at φ=0.5 and with iso-octane at φ=1.0 In the comparisons that follow, no changes were made in the thermochemistry, the reaction mechanism, or the rate parameters (except for step 3 + due to changing fuel). Since HCCI engines always run at dilute 
SIMULATION AND COMPARISON WITH THE ENGINE EXPERIMENTAL DATA
The model we used to simulate the HCCI ignition and combustion processes is based on a one-zone analysis in which boundary layer effects are considered. Residual gas is 10% in our engine configuration and mass loss is not considered. Heat transfer is modeled using the following equation: Q = HTU*AREA*(T -T COOL ), where HTU = Kc*BORE**(-0.2)*P**0.8*T**(-0.55)*UGAS and UGAS = 4.56* STROKE*RPM/60. In this expression, T -mixture temperature in cylinder (K), P -mixture pressure in cylinder (atm), AREA -combustion chamber area (cm 2 ), Tcoolcoolant temperature (K), BORE -cylinder diameter (cm), STROKE -engine stroke (cm), RPM -engine speed (revolutions per minute). Kc was determined from motored engine experiments using pure air and was found to have the value Kc = 0.000337.
In these initial HCCI engine simulations only PRF 20 and 750 rpm were used. Firstly, the effect of inlet temperature was examined at 71% volumetric efficiency and φ=0.4. Then the effect of equivalence ratio at 71 % Finally, pressure, temperature, and cumulative heat release histories for the entire HCCI combustion process were calculated.
Effects of inlet temperature
The ignition time and combustion durations were calculated for a number of inlet temperatures using the global model for PRF 20. A comparison of measured and simulated ignition times and combustion durations are shown in Table 4 . In general, the ignition time calculations agree well with the experimental data. If we consider the combustion duration from ignition to end of combustion, the experimentally observed behavior is captured quite satisfactorily by the global model.
Effects of equivalence ratio and volumetric
efficiency The ignition time and combustion durations were also calculated for higher values of volumetric efficiency (89%) and equivalence ratio (φ=0.5) and are compared to the 71% volumetric efficiency and 0.4 equivalence ratio cases in Tables 5 and 6 . Again, the predicted ignition times and combustion durations are consistent with the experimental data.
3. Profiles of pressure, temperature, and cumulative heat release for the entire HCCI combustion process Although the calculated ignition time and combustion duration results are in reasonable agreement with experimental data, it is also important in HCCI operation to correctly predict the autoignition temperature and the histories of temperature, pressure and heat release over the entire combustion process. To examine this, the behavior of PRF 20 at φ=0.4, Tin=423 K, and volumetric efficiencies 71% and 89% were simulated using the global model. The model predictions and experimental data are in reasonably good agreement, as illustrated in Figures 8 and 9 . In both the simulations and the experimental data, the first stage ignition occurs at temperatures around 730 K, and the second stage ignition occurs at temperatures around 1000 K. However, for the first-stage ignition at 730 K, the model does not predict the discrete temperature and heat release jump that was observed experimentally. Nonetheless, the model does show reactivity starting at 325-335 CAD, which roughly corresponds to the experimentally observed first-stage ignition at 325-330 CAD. Further refinement of model will be required to properly capture this effect.
In the above comparisons, the model matches the experimentally observed ignition time and combustion duration quite well, and the model reasonably reproduces the experimental pressure and temperature histories.
Improvements required for the global model
The global model can predict the first-stage and second-stage autoignition temperatures. This means that the cumulative heat release is correct at autoignition. However, the rate of heat release during the first-stage and second-stage ignition are presently underpredicted and further optimization of the rate parameters is necessary. Since the activation energy of reaction, I 1 =>2Y, is small as taken from ref. [28] , the mechanism to control the first-stage ignition requires further improvement.
CONCLUSIONS
A global reaction model for HCCI combustion processes has been developed. This model consists of 7 reactions and 7 active species. The rate parameters of reactions were derived from shock tube ignition delay data available in the literature.
The following observations can be made from the global chemical model and its predictions: 1. To match the experimental behavior it was necessary to introduce two intermediates (I 1 and I 2 ). I 1 is considered to be very reactive and one of its products is the less reactive I 2 . This allowed us to account for degenerate branching through decomposition, β-scission and chain propagation reactions in the low temperature region. 2. It was necessary to introduce step (7) as the key branching reaction during the transition from low temperature to high temperature. 3. The high temperature reactions were modified to allow formation and prediction of CO, CO 2 , and H 2 O, along with prediction of unburned HC. 4. Thermodynamic parameters were introduced through the enthalpy of formation of each species, so that the energy release, temperature, and pressure of the entire combustion process can be simulated correctly. 5. The global model successfully simulated autoignition delay time for n-heptane at different equivalence ratios and for iso-octane. Only one fuel specific parameter needs to be adjusted for different PRFs. 6. The global model successfully predicts HCCI engine behavior at different operating conditions. The model is useful for predicting ignition time, ignition temperature, and combustion duration. 7. Heat release predictions during first-stage ignition need to be improved.
